Introduction
Virulence in plant pathogenic fungi is controlled by a network of cellular pathways that respond to signals encountered during host infection. In spite of the broad diversity of fungal lifestyles and modes of infection, the signalling components that regulate pathogenic development are largely conserved. MAPK cascades have attracted considerable attention, because their core elements are essential for virulence in a wide array of fungal pathogens of plants and mammals.
outputs. 6 Fus3 signalling is initiated by pheromone binding to the cognate G proteincoupled receptors Ste2 and Ste3, triggering dissociation of the G α subunit Gpa1 from the G βγ subunits Ste4 and Ste18 and allowing signal transmission to the guanine nucleotide exchange factor Cdc24. 9 The Kss1-mediated filamentation response is initiated by the mucin-type protein Msb2 and the tetraspan protein Sho1 10 and propagated through the small GTP-binding protein Ras2. 11 Both pathways eventually converge on the small Rho-type G protein Cdc42 and the PAKlike protein kinase Ste20. 6 The latter activates the MAPK module composed of MAPKKK Ste11, MAPKK Ste7 and MAPKs Fus3 or Kss1. 6, 9 Correct activation of Fus3 by pheromone requires the scaffold protein Ste5 which recruits the Ste11-Ste7-Fus3 complex to the plasma membrane, 12 while activation of Kss1 by Ste7 does not require Ste5. Although phosphorylation is not essential for transcriptional activity of Ste12, it impacts on its regulation by controlling protein stability. [19] [20] [21] Ste12 was recently shown to be present in two protein complexes composed of Ste12, Dig1 and either Dig2 or Tec1. 17 The Dig2/Ste12/Dig1 complex mainly binds to the PRE motif, whereas the Tec1/Ste12/Dig1 complex preferentially targets the FRE motif. 17 In the absence of stimulating signal, both complexes remain inactive by means of the repressors Dig1 and Dig2. 17 cerevisiae.
The essential role of a Fus3/Kss1 MAPK orthologue in plant infection was first described in the rice blast fungus Magnaporthe oryzae. Mutants lacking the PMK1 MAPK failed to cause disease symptoms on rice leaves. 7 PMK orthologues were subsequently found to be required for virulence in a large number of biologically and taxonomically diverse plant pathogens, suggesting an ancient evolutionary role of this MAPK cascade in fungal pathogenicity on plants. 4 Loss of PMK orthologues invariably leads either to a drastic reduction or complete loss of pathogenicity, associated with a strong defect in penetration and invasive growth. 4 The penetration defect was initially attributed to the inability of the MAPK mutants to differentiate specialized infection structures called appressoria. 4 However, M. oryzae pmk1 mutants were unable to colonize rice plant tissue even when inoculated through wound sites, 7 suggesting that the role of this MAPK in pathogenicity extends beyond appressorium differentiation. Even in non-appressorium-forming pathogens such as the soilborne vascular wilt fungus Fusarium oxysporum, deletion of the PMK orthologue Fmk1 leads to complete loss of pathogenicity and defects in virulencerelated functions such as adhesion to tomato roots, secretion of pectinolytic enzymes, invasive growth and production of wilt symptoms. 23, 24 Ste12 is a regulator of fungal mating and virulence zinc fingers in the C terminal region, which are lacking in yeast. The exact role of the zinc finger domain is still unclear. In the Ste12 orthologue of M. oryzae, this region was essential for virulence. 39 However, the zinc finger domain appears to be dispensable for DNA binding, in contrast to the homeodomain which mediates both DNA binding and interaction with other TFs such as MCM1. 32 The central region of Ste12 proteins from filamentous fungi is also divergent from yeast, since it contains several stretches of highly conserved amino acid residues that are absent in S.
cerevisiae Ste12. 34 Phosphorylation provides an important mechanism for regulation of Ste12.
However, a number of key phosphorylation sites identified in S. cerevisiae Ste12 are not conserved in filamentous fungi. 20, 31, 35, 40 Inspection of the Ste12 amino acid sequences in filamentous fungi showed the presence of predicted phosphorylation sites for different kinases, including cAMP-and cGMP-dependent kinases, PKC and casein II protein kinase. Several of these putative phosphorylation sites were conserved among Ste12 orthologues of plant pathogenic ascomycetes suggesting that they may be involved in regulation of Ste12 activity. 3, 34 So far, however, site directed mutagenesis of predicted phosphorylation sites in M. oryzae indicated that they were dispensable for virulence. 39 Clearly, more studies are needed to define the role of phosphorylation, either by the MAPK or by other protein kinases, as a mechanism of controlling Ste12 activity in filamentous fungi.
Alternatively, regulation of Ste12 activity may also occur at the post-transcriptional level. In C. lindemuthianum and B. cinerea, the presence of an alternative splicing form of ste12 was described, in which the third exon is skipped leading to a truncated version of the protein that lacks the second zinc finger domain. 25, 27 While this truncated version was able to complement ste12-deficient mutants, 27 its overexpression in a wild type strain led to reduced virulence indicating a possible repressing function of the truncated Ste12 version. 25, 27 Interestingly, the exon/intron structure in this region of the ste12 gene is highly conserved between filamentous fungi, suggesting that the mode of control by alternative splicing might also be functional in other species. Presence of both the full length and the truncated transcript version of F. oxysporum ste12 was detected during growth in vitro and in planta (Lopez-Berges et al., unpublished). However, only the full length transcript form was so far detected in M. oryzae and Mycosphaerella graminicola despite the fact that M. oryzae has the potential to produce an alternatively spliced transcript according to its DNA intron/exon structure. 33 The relevance of alternative splicing as a major mechanism for controlling Ste12 activity needs to be corroborated by further studies.
In S. cerevisiae a large number of Ste12 target genes, were identified by different genome-wide approaches, transcriptomics 41 and chromatin-immunoprecipitation. 42 These include both mating-specific and filamentation-specific targets. 42 By contrast, only few Ste12 target genes have so far been identified in plant pathogens. A recent microarray analysis in C. parasitica identified 152 genes that were either down-or upregulated in a ste12 deletion mutant, but their role in plant infection is not known.
Interestingly, a significant number of Ste12-regulated genes were also responsive to hypovirus infection, suggesting that Ste12 may be one of the hypovirus targets 
